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ABSTRACT
It has been generally recognized that understanding
the molecular basis of some important cellular
processes is hampered by the lack of knowledge
of forces that drive spontaneous formation/disrup-
tion of G-quadruplex structures in guanine-rich DNA
sequences. According to numerous biophysical and
structural studies G-quadruplexes may occur in the
presence of K
+ and Na
+ ions as polymorphic struc-
tures formed in kinetically governed processes.
The reported kinetic models suggested to describe
this polymorphism should be considered inappro-
priate since, as a rule, they include bimolecular
single-step associations characterized by negative
activation energies. In contrast, our approach in
studying polymorphic behavior of G-quadruplexes
is based on model mechanisms that involve only
elementary folding/unfolding transitions and
structural conversion steps that are characterized
by positive activation energies. Here, we are
investigating a complex polymorphism of d(G4T4G3)
quadruplexes in K
+ solutions. On the basis of DSC,
circular dichroism and UV spectroscopy and
polyacrylamide gel electrophoresis experiments we
propose a kinetic model that successfully describes
the observed thermally induced conformational
transitions of d(G4T4G3) quadruplexes in terms of
single-step reactions that involve besides single
strands also one tetramolecular and three
bimolecular quadruplex structures.
INTRODUCTION
It has long been recognized that the single-stranded G-rich
oligonucleotides have a propensity to form inter- and
intra-molecular quadruplex structures that consist of
stacked G-quartets formed by a cyclic coplanar
Hoogsteen base pairing of the four participating
guanines (1–3). These structures are additionally stabilized
by K
+or Na
+ions that are selectively bound in the central
cavity between the G-quartets. Those formed in the
presence of K
+ ions appear to be more stable and more
complex than those formed in the presence of Na
+ ions
(4,5) and due to higher intracellular concentrations of
K
+ ions they are considered to be biologically more
relevant than those observed in Na
+ solutions.
G-quadruplexes may be formed from one (monomolecu-
lar), two (bimolecular) and four (tetramolecular) single
strands (6). They are highly polymorphic structures with
the strand polarity and glycosidic torsion angles strongly
dependent on the nature of the cations, the connecting
loops and the capping bases (6–13). The G-rich DNA
sequences with the potential to form quadruplexes have
been found in a number of important biological processes.
Thus, the telomeric G-quadruplex structures that may
form at the single-stranded overhangs at the ends of
chromosomes appear to be promising anticancer targets
since their formation has been found to inhibit the activity
of the enzyme telomerase required for the proliferation
of  80% of cancer cells (11,14–19). G-quadruplexes
have also been implicated in the control regions of some
oncogenes (20,21). Recently, some quadruplex-forming
oligonucleotide aptamers able to bind to certain cellular
proteins have been found to inhibit proliferation of various
cancer cells (22,23) and some of them have already been
tested in clinical trials as cancer therapeutics (24).
As pointed out by Lane et al. (25) in their excellent
review our understanding of thermodynamics and
kinetics of G-quadruplex formation is rather limited
even for short sequences comprising only three to four
G-quartets. The main problem is multiple conformations
routinely observed in solution that may undergo kinetic-
ally governed interconversions and folding/unfolding
transitions. In most structural studies performed on
G-quadruplexes, the emphasis has been placed on infor-
mation obtained from the high-resolution methods of
X-ray crystallography and NMR. The results extracted
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explanations of the observed presence of multiple
G-quadruplex species and their thermodynamic and
kinetic properties (26–31). Nevertheless, the information
obtained from methods like X-ray crystallography, NMR
or mass spectrometry (32) supported by molecular
modeling and simulations of G-quadruplexes (33,34) is
essential for understanding their behavior at the molecular
level. On the other hand, methods commonly used in
attempts to assign the topology of G-quadruplexes and
determine the thermodynamic and kinetic characteristics
of systems containing several G-quadruplex species are
based on UV and circular dichroism (CD) spectroscopy
and differential scanning calorimetry (DSC) (35–40).
A number of studies of G-quadruplexes in Na
+ and K
+
solutions have shown that the G-quadruplex topology in
K
+ solutions may differ signiﬁcantly from the one
observed in the presence of Na
+ ions (25,41–44). In
addition, the formation of some G-quadruplexes
observed in Na
+ and K
+ solutions appears to be a kinet-
ically governed process. As a rule, attempts to describe
such formations have been based on kinetic models that
are physically unacceptable since they include elementary
association steps characterized by a negative activation
energy (5,45–47).
Recently, our laboratory has investigated the poly-
morphism of d(G4T4G3) quadruplexes observed in Na
+so-
lutions using UV and CD spectroscopy and DSC. A novel
kinetic model of their folding/unfolding mechanism that
suggests coexistence and inter-conversion of three
bimolecular quadruplex structures and one unfolded
single-stranded form has been proposed. This model
successfully describes the measured thermally induced
folding/unfolding transitions of d(G4T4G3) quadruplexes
in Na
+solutions and gives for the ﬁrst time positive activa-
tion energies for all the model-predicted elementary steps,
including those describing association of two single strands
intobimolecularquadruplexstructures(48).Totestawider
applicability of such approach we followed in this work the
thermally induced folding/unfolding transitions
d(G4T4G3) quadruplexes in K
+solutions and tried to inter-
pret them in terms of a kinetically governed coexistence of
several quadruplex structures and their unfolded forms. In
other words, the major aim of our study was to ﬁnd a
kinetic model of thermally induced transitions of
d(G4T4G3) quadruplexes that contains folding/unfolding
pathways in terms of which the observed polymorphism
of d(G4T4G3)i nK
+ solutions could be described. Here
we propose a global model (Figure 1) whose predictions
are consistent with a variety of experimental data (DSC,
UV and CD spectroscopy, gel electrophoresis) and lead for
all the model-predicted elementary kinetic steps to physic-
ally acceptable positive activation energies.
MATERIALS AND METHODS
Sample preparation
The d(G4T4G3) oligonucleotide was obtained HPLC pure
from Invitrogen Co., Germany and Midland Co., USA.
and used without further puriﬁcation. Its concentrations
in buffer solutions were determined at 25 C spectrophoto-
metrically using for the extinction coefﬁcient of its
single-stranded form at 25 C the value of e260=105100/
M/cm estimated from the nearest-neighbor data of Cantor
et al. (49). The buffer used in all experiments consisted of
10mM K-cacodylic buffer, 1mM EDTA and 15mM KCl
(pH=6.9). The starting samples were ﬁrst transformed
into single-stranded form by heating in an outer thermo-
stat at 95 C for 5min, cooled down to 4 C at the cooling
rates of 0.05 or 1.0 C/min to form quadruplex structures
and then used in the UV, CD, DSC and polyacrylamide
gel electrophoresis (PAGE) experiments.
UV melting experiments
Absorbance versus temperature proﬁles of d(G4T4G3)
samples were measured in 0.25mm path-length cells
using a Cary 100 BIO UV/Visible Spectrophotometer
(Varian Inc.) equipped with a thermoelectric temperature
controller. Thermally induced folding/unfolding transi-
tions of d(G4T4G3) quadruplex samples (c  0.75mM in
single strands) prepared either at the cooling rate of 0.05
or 1.0 C/min were monitored between 5 and 95 Ca t
 =298nm at the heating rate of 1.0 C/min.
Gel electrophoresis
G-quadruplex structures formed upon cooling of
single-stranded DNA ( 300mMi n1 0 mlo f1 0 m M
K-cacodylic buffer, 1mM EDTA and 15mM KCl) at
the cooling rate of 0.05 or 1.0 C/min were studied by
non-denaturing PAGE performed on 20% polyacrylamide
gels supplemented with 25mM KCl. G-quadruplex
samples prepared at either of the cooling rates were
Figure 1. Proposed kinetic model for the thermally induced folding/
unfolding transitions of d(G4T4G3)i nK
+ solutions. It assumes coex-
istence and interconversions of one tetramolecular quadruplex T4, three
bimolecular quadruplexes A2,B 2 and C2 and the unfolded single
strands S.  HT,  HA,  HB,  HC and  HS are the corresponding partial
molar enthalpies while kij are rate constants for each i!j transition
step expressed according to Arrhenius in terms of reaction frequency
factor eAij and activation energy Eij.
1934 Nucleic Acids Research, 2011,Vol.39, No. 5loaded on gels and the electrophoreses were run at 5 C
(5h), 10 C (4.5h), 15 C (4h) and 20 C (3.5h), all at 10V/
cm (I=300mA). Bands in the gels were followed by UV
shadowing at  =254nm. To facilitate comparisons
between the bands observed with different samples
the single-stranded d(50-TCTTTTCTTCT-30) and
heteroduplex (50-AGAAGAAAAGA-30;5 0-TCTTTTCTT
CT-30) 11-mere control oligonucleotides were used.
DSC
DSC experiments were performed using a Nano DSC II
instrument (Calorimetry Sciences Corp., UT, USA) on
samples prepared by cooling in an outer thermostat.
Quadruplex concentration used in these DSC studies
was 0.75mM in single strands. Cyclic DSC measurements
were performed at the heating rates of 0.5, 1.0 and
2.0 C/min and a single cooling rate of 1.0 C/min. Thus,
only the ﬁrst melting scans reﬂected thermal transitions of
samples prepared in the outer thermostat by annealing to
4 C at the cooling rate of 0.05 or 1.0 C/min, while all the
following scans were performed on samples prepared in
the DSC cell within the cooling cycles at the rate of
1.0 C/min. The measured temperature interval was
between 4 C and 95 C. The corresponding baseline
(buffer–buffer) scans were subtracted from the unfold-
ing/folding scans prior to their normalization and
analysis. The total enthalpy of unfolding or folding,
Htot, was obtained from the measured DSC thermo-
grams as the area under the CP ¼  CP,2    CP,S versus
T curve, where  CP,2 is the measured heat capacity CP
corrected for the baseline and normalized to 1mol of
quadruplex in single strands and  CP,S is the corresponding
partial molar heat capacity of the unfolded single-stranded
state extrapolated from high temperatures over the whole
measured temperature interval (Figure 2). For samples
prepared either at the cooling rate of 0.05 or 1.0 C/min
the measured DSC heating and cooling curves were highly
reproducible at all measured heating and cooling rates
except for heating curves measured at the rate of
2.0 C/min. At this heating rate the DSC instrument
enables reliable measurements only above  10 C and
since the observed low-temperature transitions start
occurring below this temperature the reproducibility and
reliability of the measured DSC peaks between 4 C and
 20 C is rather poor. To ascertain that the low-
temperature peaks observed at all heating rates used in
the DSC measurements are real we repeated the described
DSC melting experiments on the same samples in another
type of DSC instrument (VP-Capillary DSC, MicroCal,
USA). Similar melting thermograms containing well
expressed low-temperature peaks were obtained thus
indicating that the observed appearance of a stable
d(G4T4G3) quadruplex structure below  20 C is not an
artifact.
CD Spectroscopy
CD spectra of d(G4T4G3) quadruplexes in K
+ solutions
were measured as a function of temperature in an AVIV
CD Spectropolarimeter 62A DS, equipped with a thermo-
electric temperature controller. Ellipticity, , was
measured between 5 C and 95 C in the temperature inter-
vals of 3 C at the average heating rate of 1.0 C/min. CD
spectra of samples ( 0.75mM in single strands) prepared
at either of the cooling rates, corrected for the correspond-
ing buffer contribution, were collected between 215 and
320nm in a 0.25-mm cuvette at 60nm/min, signal
averaging time of 2s and 5nm bandwidth.
RESULTS AND DISCUSSION
Polymorphism as a kinetic phenomenon
Monitoring the thermally induced folding/unfolding tran-
sitions of d(G4T4G3) quadruplexes in 25mM K
+solutions
by UV absorption spectroscopy resulted in melting
proﬁles that depend on heating and cooling rates and
have a shape characteristic of a simple two-state transi-
tion. They show hysteresis of UV melting and annealing
curves (Supplementary Figure S1) similar to the one
reported for d(G4T4G3) and d(G4T4G4) quadruplexes in
the presence of Na
+ ions (46,48). Similar was also the
result of our attempt to describe the measured UV
melting and annealing curves in terms of a simple
two-state kinetic model. Negative activation energy
obtained for the model-predicted association step, in
which upon cooling two single strands associate into the
bimolecular quadruplex structure, clearly shows that in
K
+ solutions too, the simple two-state kinetic model of
thermally induced folding/unfolding transitions of
d(G4T4G3) quadruplexes cannot be applied (48).
In contrast to the observed single-step pattern of UV
melting and annealing curves the DSC heating and cooling
thermograms measured with the d(G4T4G3) starting
samples prepared in 25mM K
+ solutions at the cooling
rate of either 0.05 or 1.0 C/min clearly show that the
measured melting processes consist of several conform-
ational transitions (Figure 2). For samples prepared in
an outer thermostat at the cooling rate of 1.0 C/min the
ﬁrst and all the following melting scans are identical. At all
measured heating rates they are characterized by two well
expressed melting peaks (at 20 and 45 C) which means
that in the measured unfolding process at least two
quadruplex structures are involved. By contrast, samples
prepared in an outer thermostat at the cooling rate of
0.05 C/min are characterized by ﬁrst melting scans that
at all heating rates consist of three well expressed peaks
(at  20,  45 and  65 C) thus indicating the presence of
at least three quadruplex structures. All the following
scans (cooling rate in repeating loops is 1 C/min),
however, contain only two well expressed melting peaks
(at  20 and  45 C) that are practically identical to the
corresponding scans observed with samples prepared at
the cooling rate of 1 C/min. Evidently, the number of sig-
niﬁcantly populated quadruplex species in solution
depends strongly on the cooling rate at which they were
formed. These results together with the observed shifting
of DSC peaks with the increased heating rates to higher
temperatures (Figure 2) strongly suggest that the
measured conformational transitions are kinetically
governed processes. In other words, the overall thermal
folding/unfolding transition of d(G4T4G3) in the
Nucleic Acids Research,2011, Vol.39, No. 5 1935presence of K
+ ions may be considered as a combination
of several kinetically governed steps. Analysis of the
measured DSC thermograms further shows that changes
in the cooling rate at which the starting quadruplex
samples were prepared and changes in the heating rate
at which they were thermally unfolded result only in
minor changes in the total area under the measured
DSC thermograms (around ±5%). This implies that in
K
+solutions the measured enthalpies of unfolding of dif-
ferent quadruplex structures involved in the unfolding
process expressed per mole of single strands are rather
close and thus similar to the corresponding overall
enthalpy of unfolding, Htot, determined from the total
area under the measured DSC thermogram (Figure 2). It
should be noted that from these Htot values the enthalpy
of quadruplex unfolding is estimated to be  20kcal/mol
of G-quartets which agrees well with the literature values
reported for G-quartet formation in the presence of K
+
ions (50–53).
In line with the conclusions based on the described DSC
measurements, gel migration experiments reveal a coexist-
ence of two fast migrating and one slow migrating
structural forms (Figure 3). Their contents evidently
depend on the cooling rate at which the samples are
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Figure 2. DSC thermograms of d(G4T4G3) quadruplexes in the presence of 25mM K
+ ions. For clarity reasons every 11th experimental point is
shown. The Cp (per mol of single strands) versus T curves: (a and b) measured at the heating rate of 1 C/min for quadruplex samples prepared at
the cooling rate of either 0.05 C/min (a) or 1.0 C/min (b); (c) measured at the cooling rate of 1 C/min; (d and e) measured at the heating rate of
0.5 C/min (d) and 2.0 C/min (e) for samples prepared at the cooling rate of either 0.05 C/min (open circles) or 1.0 C/min (ﬁlled circles). In all panels
full lines represent the corresponding model-based Cp versus T curves calculated from Equation (2) using a single set of the ‘best ﬁt’ adjustable
parameters (Table 1).
1936 Nucleic Acids Research, 2011,Vol.39, No. 5prepared and on the temperature at which the gel migra-
tion is performed. The two fast migrating bands that
migrate between the single-stranded and heteroduplex
11-mer control oligonucleotide markers may be ascribed
to the parallel, anti parallel and/or hybrid bimolecular
d(G4T4G3)2 quadruplexes (54), while the much slower
migrating band that obviously corresponds to some
highly ordered structure may be assumed to originate
from the next simplest highly ordered structure, that is,
the parallel tetramolecular d(G4T4G3)4 quadruplex. The
observed dependence of gel migration on the cooling
rate at which the quadruplex structures were formed and
on the temperature at which PAGE experiments were con-
ducted is fully consistent with the results of the DSC
experiments. Namely, the gel migration experiments run
at 5, 10, 15 and 20 C show that between 5 C and 20 C, the
intensity of the slowest migrating band and thus the
content of the assumed tetramolecular quadruplex struc-
ture decreases with increasing temperature. At  20 C, as
shown in Figure 3, the slowest migrating band can no
longer be observed indicating that at this temperature
the amount of the suggested tetramolecular quadruplexes
becomes negligible. This result is in full qualitative agree-
ment with the results of the corresponding DSC experi-
ments which show that the lowest temperature transitions
observed with the quadruplex samples prepared at the
slow or moderate cooling rates are completed at  20 C
(Figure 2). It seems that the tetramolecular quadruplex is
thermally the least stable species, most likely due to its
much higher favorable entropy of unfolding (55). The
gel electrophoresis experiments also show that samples
prepared at the cooling rate of 0.05 C/min are charac-
terized by a more pronounced slower of the two fast
migrating bands thus indicating that a higher proportion
of the corresponding bimolecular quadruplex structure is
very likely responsible for the third observed peak in the
corresponding DSC thermograms.
To obtain additional information on the occurrence and
transformation of different structures of d(G4T4G3)
quadruplexes during their thermal folding/unfolding tran-
sitions, we followed these events also by CD spectroscopy.
It should be noted that CD has been used extensively to
investigate quadruplex structure of nucleic acids inspite of
the fact that there is no simple relationship between the
structure of the quadruplex and the shape of its CD
spectrum. Numerous publications have reported that
folded quadruplex structures of the antiparallel type
exhibit CD spectra characterized by a positive ellipticity
maximum at  295nm and a negative minimum at
 264nm while those of the parallel type have a positive
maximum at  264nm and a negative minimum at
 240nm (54,56–58). Recent studies have shown,
however, that so called hybrid quadruplex structures
exhibit CD spectra with two positive peaks; one at
 264nm, typical of a parallel structure and one at
 295nm, typical of an antiparallel structure. Thus, the
appearance of these two peaks, the ratio of which often
depends highly on the nature of cations present in the
solution (Na
+,K
+), indicates that in the measured ther-
mally induced folding/unfolding transitions besides the
parallel and anti parallel structures also the hybrid
quadruplex structures may be involved (9,26,27).
In other words, all one can follow in quadruplex solutions
by CD spectroscopy through the measured peak positions
and their magnitudes are changes in the quadruplex
topology and not the quadruplex structures themselves.
In this work we measured the temperature dependence
of CD spectra of d(G4T4G3) quadruplex samples in K
+
solutions prepared by annealing at the cooling rate of 0.05
and 1.0 C/min. As shown in Figure 4 this dependence
differs substantially from the one observed with equally
prepared samples in the presence of Na
+ ions (42) whose
CD spectra display characteristics of an antiparallel
quadruplex topology manifested in a positive band at
295nm followed by a negative band at 264nm. In
contrast, in K
+ solutions positive peaks at 295 and
264nm of comparable magnitude are observed
(Figure 4) thus indicating the possible presence of
parallel, anti parallel and hybrid type of quadruplex struc-
tures. Since the two characteristic positive peaks at 295
and 264nm are present throughout the entire unfolding
process it seems reasonable to assume that in the measured
thermal unfolding of d(G4T4G3) quadruplexes the hybrid
bimolecular quadruplex structures are strongly involved.
S F S F S F ss11d11 ss11d11 ss11d11 ss11d11 S F
5 °C1 0   °C 15 °C 20 °C
Figure 3. Non denaturing PAGE (20%) experiments. d(G4T4G3) quadruplexes were prepared at the cooling rate of either 0.05 C/min (S)o r1  C/min
(F) and followed by UV shadowing ( =254nm) at the constant temperature of 5, 10, 15 and 20 C. As control oligonucleotide 11-mer
single-stranded d(50-TCTTTTCTTCT-30) and double-stranded d(50-AGAAGAAAAGA-30;5 0-TCTTTTCTTCT-30) markers ss11 and d11, were used.
Nucleic Acids Research,2011, Vol.39, No. 5 1937In addition, the observed constant positive peak at 264nm
and simultaneous signiﬁcant drop of the 295-nm positive
peak with increasing temperature between  4 and  35 C
show that at low temperatures unfolding of quadruplex
structures other than the bimolecular hybrid quadruplexes
takes place. According to PAGE experiments one of these
is very likely the assumed slow migrating tetramolecular
quadruplex.
Model analysis of structural transitions
The results of DSC, PAGE and CD experiments
performed on d(G4T4G3) quadruplexes in K
+ solutions
reveal that their kinetically governed thermally induced
folding/unfolding transitions include participation of at
least three quadruplex structures. Thus, in our attempts
to describe quantitatively the DSC melting and cooling
thermograms of d(G4T4G3) quadruplexes measured at dif-
ferent heating and cooling rates we started ﬁrst with the
kinetic model of the transition process that involves one
tetramolecular and two bimolecular quadruplex struc-
tures. Unfortunately, a thorough analysis of ﬁtting the
corresponding model function to the experimental DSC
data has shown that this model fails to describe all the
measured DSC thermograms simultaneously in terms of
only a single set of adjustable parameters. For this reason,
we attempted to interpret the observed DSC data in terms
of a new, slightly more complex model (Figure 1), which
considers the thermally induced folding/unfolding transi-
tions of d(G4T4G3) quadruplexes in the presence of K
+
ions as a global kinetic transition process that involves
one parallel tetramolecular quadruplex structure (T4),
three bimolecular quadruplexes that possibly exhibit char-
acteristics of parallel, anti parallel and/or hybrid struc-
tures (A2,B 2 and C2) and the corresponding single
strands (S). According to the model the enthalpy, H,o f
the solution containing n1 moles of solvent and n2 moles of
DNA (total number n2 expressed in single-stranded form)
can be expressed as (48)
H ¼ n1  H1+n2  H2 ¼ n1  H1   2nAHA   2nBHB
  2nCHC   4nTHT+n2  HS
ð1Þ
where the quantities HA ¼ HAS=2 ¼  HS    HA=2,
HB ¼ HBS=2 ¼  HS    HB=2, HC ¼ HCS=2 ¼  HS 
 HC=2 and HT ¼ HTS=4 ¼  HS    HT=4 are the
enthalpies of unfolding of the quadruplex structures A2,
B2,C 2 and T4 into single strands expressed per mole of
single strands, nA, nB, nC, nT and nS are the numbers of
moles of bimolecular quadruplexes A2,B 2,C 2,
tetramolecular quadruplex T4 and the single-stranded
unfolded structure S interrelated as nS ¼ n2   2nA+2nB+ ð
2nC+4nTÞ and  H1,  HA,  HB,  HC,  HT and  HS are the cor-
responding partial molar enthalpies. By taking the tem-
perature derivatives of Equation (1) and by assuming that
in the measured temperature intervals the heat capacity
changes accompanying the unfolding transitions are neg-
ligibly small one obtains for the model function, CP,
needed to describe the DSC data, an expression
CP ¼  CP,2    CP,S ¼ 
d A
dT
HA  
d B
dT
HB
 
d C
dT
HC  
d T
dT
HT
ð2Þ
in which at any T in the measured temperature interval
 CP,2 is the measured partial molar heat capacity of the
solute (DNA) expressed per moles of single strands,  CP,S
is the corresponding measured heat capacity of the
unfolded quadruplex form occurring at high temperatures
extrapolated to T and  A,  B,  C and  T are the corres-
ponding fractions of quadruplex species present in the
solution deﬁned as  A ¼ 2nA=n2,  B ¼ 2nB=n2,
 C ¼ 2nC=n2 and  T ¼ 2nT=n2. Since the enthalpies of
unfolding of G-quadruplexes depend primarily on the
number of G-quartets involved (50–53) one may assume
that for bimolecular quadruplexes (three G-quartets
involved) HA ¼ HB ¼ HC while for the parallel
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Figure 4. Temperature dependence of CD spectra. d(G4T4G3) quadruplexes in K
+ solutions (25mM) were prepared at the cooling rate of either
0.05 C/min (a)o r1  C/min (b). The measured ellipticity was normalized to 1M single strand concentration and 1cm light path length.
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HT ¼ 7=6HA or HB or HC. Thus, the measured
Htot can be expressed as Htot ¼ HA 1+ T=6 ðÞ which
means that for reasonably low initial  T values ( T   0:3)
one may assume that within an error of 5%
HA ¼ HB ¼ HC ¼ Htot and HT ¼ 7=6Htot.
Using these estimates, the quantity CP [Equation (2)]
can be calculated at any temperature from the model as
CP ¼ 
d A
dT HA   d B
dT HB  
d C
dT HC   d T
dT HT and
compared to the corresponding CP obtained experimen-
tally as CP ¼  CP,2    CP,S. For a given total concentra-
tion of DNA in the single-stranded form, ctot expressed as
ctot ¼ cS+2cA+2cB+2cC+4cT the d =dT terms needed to
calculate CP are obtained by taking into account the
rates of reactions predicted by the model (Figure 1) and
the heating or cooling rate, r ¼ dT=dt, at which the DSC
experiment is performed. By introducing, for each rate
constant, kij, the corresponding Arrhenius relation
kij ¼ e Aij Eij=RT ðÞ (eAij frequency factor, Eij activation
energy) one obtains (48):
 
d A
dT
¼
1
r
kAB+kAS+kAC ðÞ  A+ctotkAT 2
A kBA B kTA T

 kCA C 2kSActot 1  A  B  C  T ðÞ
2
 
d B
dT
¼
1
r
kBS+kBC+kBA ðÞ  B+ctotkBT 2
B kAB A kTB T

 kCB C 2kSBctot 1  A  B  C  T ðÞ
2
 
d C
dT
¼
1
r
kCB+kCS+kCA ðÞ  C+ctotkCT 2
C kBC B kTC T

 kAC A 2kSCctot 1  A  B  C  T ðÞ
2
 
d T
dT
¼
1
r
kTA+kTB+kTC+kTS ðÞ  T ctotkAT 2
A ctotkBT 2
B

 ctotkCT 2
C 4kSTc3
tot 1  A  B  C  T ðÞ
4
ð3Þ
To solve this system of differential equations for a given
set of adjustable parameters at each measured heating and
cooling rate the Cash–Karp adaptive step-size controlled
Runge–Kutta method was employed (59) and the
obtained solutions ( i and d i=dT) were used to calculate
the corresponding model function. The ‘best ﬁt’ adjustable
parameters were obtained from global ﬁtting these
calculated model functions to the experimental CP
versus T curves using the non-linear minimization of the
corresponding  2 function [(48) and Supplementary
Data S2]. The values of adjustable parameters at the
global minimum of  2 are considered to be the best de-
scriptors of the experimental CP versus T curve and,
therefore, they are used to characterize the kinetics and
thermodynamics of all steps in the suggested model mech-
anism (Figure 1).
In Figure 2 is presented the best global ﬁt (60) of the
model function [Equation (2)] to the DSC heating and
cooling curves measured at different heating (0.5, 1.0
and 2.0 C/min) and cooling (1.0 C/min) rates for the
quadruplex samples prepared at a very slow
(0.05 C/min) or moderate (1.0 C/min) cooling rate.
Reasonably good agreement of the model function with
the corresponding DSC heating and cooling curves was
observed at all measured heating and cooling rates using
a single set of ‘the best ﬁt’ adjustable parameters
(Figure 2). Analysis of the applied ﬁtting procedure
shows that the lowest possible number of these ‘best ﬁt’
parameters is obtained when in the suggested reaction
mechanism (Figure 1) the steps S!A2,S !C2,S !T4,
A2!T4,T 4!A2,C 2!T4,T 4!C2,T 4!B2,C 2!B2,
A2!C2,C 2!A2 are assumed to be inﬁnitely slow (the
corresponding frequency factors, eAij, are taken as zero).
Consequently, for describing the thermally induced
folding/unfolding transitions of d(G4T4G3) quadruplexes,
we suggest the mechanism presented in Figure 1 in which
the above mentioned steps are closed. For this mechanism,
the analysis of the adequacy of the applied global ﬁtting
procedure (Supplementary Data S3) shows that for each
adjustable parameter at its ‘best ﬁt’ value the  2 function
exhibits a rather sharp minimum and that for all reactions
occurring in the suggested folding/unfolding mechanism
the activation energies have physically acceptable
positive values (Table 1). It also shows that the correlation
between most of the adjustable parameters is rather small,
higher correlation is observed only between the frequency
factors and the corresponding activation energies
(Supplementary Data S3). The errors in adjustable param-
eters, calculated as square roots of diagonal elements of
variance–covariance matrix obtained from ﬁtting the
model function [Equation (2)] to the corresponding DSC
thermograms, are unreasonably low. This is because they
refer only to the quality of ﬁtting to a given set of DSC
Table 1. ‘Best Fit’ adjustable parameters Aij (unit of e
Aij is s
 1
for unfolding and s
 1 M
 1 for folding transitions) and Eij
(cal/mol) describing the thermally induced folding/unfolding
transitions of d(G4T4G3) quadruplexes in K
+ solutions
(25mM) in terms of the kinetic model presented in Figure 1
together with the corresponding experimentally determined
enthalpies of transition, H (cal/mol single strands)
Calculated values
Parameter Value and error
ABS 74±5
ASB 19±3
AAS 49±2
ATS 100±10
ACS 54±2
ABA 15.5±0.8
AAB 7.2±0.4
ABT 66±4
ABC 24±2
EBS (3.9±0.2) 10
4
EAS (3.2±0.1) 10
4
ETS (6.0±0.2) 10
4
ECS (3.7±0.1) 10
4
EBA (7.0±0.0.5) 10
3
EBT (3.2±0.1) 10
4
EBC (1.5±0.1) 10
4
Experimentally determined values
HA (3.1±0.2) 10
4
HB (3.1±0.2) 10
4
HC (3.1±0.2) 10
4
HT (3.6±0.2) 10
4
Nucleic Acids Research,2011, Vol.39, No. 5 1939curves and they do not reﬂect the reliability of the
measured DSC curves themselves. Evidently, to obtain
more realistic estimation of errors in adjustable param-
eters one has to take into account the source of the
largest error accompanying the DSC measurements in
dilute solutions which is undoubtedly the choice of the
baseline. Thus, a repetitive evaluation of each measured
DSC curve was made using besides the chosen baseline
two other baselines, one leading to Htot higher for 5%
and one leading to Htot lower for 5% than the reported
Htot value based on the chosen baseline. The model
function [Equation (2)] was ﬁtted to the resulting CP
versus T curves as described earlier. Then, the obtained
different sets of the ‘best ﬁt’ adjustable parameters were
compared and for each parameter the absolute error was
estimated as the largest difference of its values appearing
in these different sets. The estimated errors of adjustable
parameters Aij and Eij are presented in (Table 1).
Tests of the quality of ﬁtting performed individually on
the reported ‘best ﬁt’ adjustable parameters showed for
each parameter that introducing of the corresponding
estimated error (Table 1) results in a noticeably poorer
agreement between the model function and the experiment
(Supplementary Figure S2). Poorer agreement was
observed also when the highly correlated Aij and Eij
adjustable parameters contained in the corresponding
rate constants, kij, were varied simultaneously for the
 Aij and  Eij values reported in Table 1
(Supplementary Figure S2). This suggests that within the
estimated error margins the observed higher correlation
between these complementary parameters Aij and Eij
(Supplementary Table S1) has no signiﬁcant effect on
their reliability. In addition, the reliability of the adjust-
able parameters was also tested by the statistical analysis
based on the Monte–Carlo sampling. Using the same
limiting error estimates of the DSC baselines as described
above, we obtained the parameter errors smaller than
those presented in Table 1 (Supplementary Data S3).
Thus, according to the discussed analysis one may
conclude that the measured DSC thermograms can be
reasonably well described in terms of a single set of ad-
justable parameters originating from the suggested model
mechanism (Figure 1 and Table 1).
For each species participating in this mechanism the
reported set of adjustable parameters (Table 1) allows
estimation of its population at a given oligonucleotide
concentration as a function of temperature, the cooling
rate at which the quadruplex samples were prepared and
the heating rate at which their thermal unfolding was
induced (Figure 5). In other words, the measured DSC
thermograms of d(G4T4G3) quadruplexes in K
+solutions
may be interpreted in terms of the model-predicted tem-
perature dependence of populations of three bimolecular
and one tetramolecular quadruplex structures involved in
the measured folding/unfolding process. Interestingly, for
the suggested bimolecular quadruplex structure B2 such
calculated population turns out to be negligibly small at
all measured temperatures. In other words, the structure
B2 participating in the suggested reaction mechanism
(Figure 1) occurs in the measured temperature interval
as an extremely unstable intermediate. Consequently, at
the measured oligonucleotide concentration (0.75mM)
the only well detectable bimolecular quadruplex structures
at low temperatures appear to be A2 and C2, with the
population of A2 ( A  80%) being much higher than
that of C2. As shown in Figure 5 their thermal stabilities
are signiﬁcantly higher than the one ascribed to the
tertramolecular quadruplex structure T4 whose
low-temperature population is only  10%. Furthermore,
from the comparison of the calculated structural
0 2 04 06 08 0 1 0 0
0.0
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1.0
α
T /°C 
0 20 40 60 80 100
T /°C 
A2
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T4
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B2 B2
(a)( b)
Figure 5. Distribution functions. Distribution of species A2,B 2,C 2 and T4 predicted by the model (Figure 1) as a function of temperature for
d(G4T4G3) quadruplexes in K
+ solutions (25mM) calculated from Equation (3) using the ‘best ﬁt’ adjustable parameters (Table 1). (a) formation of
structures A2,B 2,C 2 and T4 upon cooling (dashed line) at 0.05 C/min and unfolding of these structures upon heating (solid line) at 1 C/min.
(b) formation of structures A2,B 2,C 2 and T4 upon cooling (dashed line) at 1.0 C/min and unfolding of these structures upon heating (solid line) at
1 C/min.
1940 Nucleic Acids Research, 2011,Vol.39, No. 5populations involved in the folding/unfolding transitions
of d(G4T4G3) followed by DSC ( A 80%) with the cor-
responding measured CD spectra (Figure 4) which show
throughout the whole thermal unfolding process a strong
presence of a hybrid bimolecular d(G4T4G3) quadruplex
structure (positive peaks at 295 and 264nm) one may
conclude that A2 is this structure. Unfortunately, from
this comparison one cannot obtain any reliable
information about the model-predicted quadruplex
structure C2. Namely, since according to the model, the
unfolding of C2 takes place in the highest temperature
interval in which no minimum in CD spectra at 264nm
is observed, all one can conclude is that C2 is either
a parallel or a hybrid quadruplex structure. Finally,
since the molecularity of the dimer and tetramer forma-
tion is different one would expect the populations of spe-
cies formed upon cooling to depend on the oligonucleotide
concentration. Model-based simulation of the population
distribution at 25 C shows, however, that for the total
single strand concentration of d(G4T4G3) between 0.5
and 2mM the calculated changes in population are
rather small (Supplementary Figure S3).
In summary, this study demonstrates that the thermally
induced formation/disruption of polymorphic d(G4T4G3)
quadruplex structures in K
+solutions is directly related to
the cooling/heating rates at which these structures
undergo folding/unfolding transitions. Kinetics and
thermodynamics of these transitions have been discussed
in terms of the simplest physically acceptable model mech-
anism able to explain the results of DSC (quantitatively)
and PAGE and CD (qualitatively) experiments.
In discussing the DSC results a detailed model analysis
has shown that all ‘best ﬁt’ adjustable parameters con-
tained in the model function [Equation (2)] are reliable
within about ±5%. Thus, the suggested kinetic model
may be considered realistic and successful. We believe it
provides new insights into how individual elementary
steps that participate in the folding/unfolding processes
and involve polymorphic quadruplex structures may be
interrelated through their kinetics and thermodynamics
and how they may govern the global folding/unfolding
events. Here we show again (48) that any study involving
bimolecular and/or tetramolecular G-quadruplex samples
should take into account a possibility that the structural
composition of these samples depends signiﬁcantly on the
cooling rate at which they are prepared and on the tem-
perature at which they are studied.
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